Supersonically induced gas objects (SIGOs) with little to no dark matter component are predicted to exist in patches of the Universe with non-negligible relative velocity between baryons and the dark matter at the time of recombination. Using arepo hydrodynamic simulations we find that the gas densities inside these objects are high enough to allow stars to form. An estimate of the luminosity of the first star clusters formed within these SIGOs suggests that they may be observed at high redshift using future HST and JWST observations. Furthermore, our simulations indicate that SIGOs lie in a distinct place in the luminosity-radius parameter space, which can be used observationally to distinguish SIGOs from dark-matter hosting gas systems. Finally, as a proof-of-concept, we model star formation before reionization and evolve these systems to current times. We find that SIGOs occupy a similar part of the magnitude-radius parameter space as globular clusters. These results suggest that SIGOs may be linked with present-day metal-poor local globular clusters. Since the relative velocity between the baryons and dark matter is coherent over a few Mpc scales, we predict that if this is the dominant mechanism for the formation of globular clusters, their abundance should vary significantly over these scales.
INTRODUCTION
The puzzling origins of globular clusters (GCs) have been greatly debated over the years (Gunn 1980; Peebles 1984; Ashman & Zepf 1992; Harris & Pudritz 1994; Grillmair et al. 1995; Moore 1996; Bromm & Clarke 2002; Kravtsov & Gnedin 2005; Mashchenko & Sills 2005; Saitoh et al. 2006; Muratov & Gnedin 2010; Bekki & Yong 2012; Kruijssen 2015; Renaud et al. 2017; Mandelker et al. 2018 ). These objects serve as the testing grounds for early structure formation since they are very old (∼ 13 Gyr, e.g., Trenti et al. 2015) . For example, they have even been used to estimate the age of the Universe (Krauss & Chaboyer 2003) . Observations suggest that GCs contain practically no gravitationally bound dark matter (e.g., Heggie & Hut 1996; Bradford et al. 2011; Conroy et al. 2011; Ibata et al. 2013 , although see Taylor et al. (2015) for evidence to the contrary). Although direct observations of high redshift GCs is difficult, statistical studies with strong gravitational lensing have enabled the investigation of high redshift star-forming GC candidates (e.g., Elmegreen et al. 2012; Vanzella et al. 2017 ). There has even been some direct evidence of possible GC progenitors (e.g., Vanzella et al. 2016; Bouwens et al. 2017; Vanzella et al. 2019 ).
Furthermore, GCs and their progenitors may also play a large role in reionizing the Universe (e.g., Schaerer & Charbonnel 2011; Boylan-Kolchin 2018) . The upcoming James Web Space Telescope (JWST) offers an exciting chance to observe GCs and their progenitors at early times. These observations will give insight to the formation of the very early building blocks in the Universe.
In the standard model of structure formation, due to the baryon-radiation coupling, baryon over-densities at the time of recombination (z ∼ 1020) were about 5 orders of magnitude smaller than dark matter (DM) overdensities. Tseliakhovich & Hirata (2010) showed that not only were the amplitudes of the DM and baryonic density fluctuations different at early times (e.g., Naoz & Barkana 2005) , but so were their velocities. After recombination, the baryons decoupled from the photons and their subsequent evolution was dominated by the gravitational potential of the DM. In the period following recombination, the baryons underwent rapid cooling. At this point, their relative velocity with respect to the DM, which at recombination was of the order of ∼ 30 km sec −1 , became supersonic. Tseliakhovich & Hirata (2010) also showed that this relative velocity between the baryons and the DM remained coherent on scales of a few Mpc and in these regions it can be modeled as a stream velocity.
The stream velocity effect has previously been overlooked because the velocity terms are formally second order in perturbation theory and are therefore neglected in the linear approximation. However, this second-order effect is unusually large, resulting in the non-negligible suppression of power at mass scales that correspond to the first bound objects in the Universe (Tseliakhovich et al. 2011) . The non-linear effects of the stream velocity on the first structures were subsequently investigated using numerical simulations (e.g., Stacy et al. 2011; Maio et al. 2011; Greif et al. 2011; Fialkov et al. 2012; Naoz et al. 2011 Naoz et al. , 2012 Richardson et al. 2013; Tanaka & Li 2014) . The stream velocity also has significant implication on the redshifted cosmological 21-cm signal (e.g. Dalal et al. 2010; Visbal et al. 2012; , the formation of primordial black holes (e.g., Tanaka et al. 2013; Tanaka & Li 2014; Latif et al. 2014; Hirano et al. 2017; Schauer et al. 2017) , and even for primordial magnetic fields (Naoz et al. 2013) . See Fialkov (2014) for a detailed review.
Recently, Naoz & Narayan (2014) proposed that metal-poor GCs may be linked to objects that can be formed without DM in the early Universe in the presence of the stream velocity. These supersonically induced gas objects (SIGOs) were later found in numerical simulations by Popa et al. (2016) ; Chiou et al. (2018) . However, their connection to GCs is still uncertain. Specifically, the ability of SIGOs to form stars was not addressed in those simulations. If these objects indeed form stars, these first star clusters will host little to no DM component.
The formation of the first stars from pristine gas was addressed in length in the literature focusing on the detailed chemistry and equation of state (e.g., Abel et al. 2002; Bromm & Clarke 2002; Reed et al. 2005; Yoshida et al. 2006; Stacy et al. 2011; Glover 2013; Xu et al. 2016; Sarmento et al. 2018; Schauer et al. 2019) . In this letter we take a global, statistical approach through an investigation of the conditions for star formation in SIGOs via a simple density threshold argument. In particular, stars will form if the global gas density within a given SIGO is above the predicted critical value for star formation in pristine and low-metallicity gas (e.g., Christlieb et al. 2002; Krumholz & McKee 2005; Burkhart & Mocz 2018) . We then use semi-analytical calculations to determine the luminosities of objects in our simulations. We note that, although we study these objects at z = 20, they still exists at lower redshifts (e.g., Naoz & Narayan 2014; Popa et al. 2016; Chiou et al. 2018 ). Thus, their expected luminosities could possibly be detectable with JWST.
The letter is organized as follows: we begin by describing our simulations in Section 2 then we discuss the star formation model (Section 3) and the subsequent luminosity (Section 4). Finally we offer our discussion and qualitative predictions in Section 5.
SIMULATION DETAILS AND OBJECT CLASSIFICATION
We run two cosmological simulations with the movingmesh code arepo (Springel 2010) in a 2 Mpc box with 512 3 DM particles of mass M DM = 1.9 × 10 3 M and 512
3 Voronoi mesh cells with M gas = 360M . One run has a stream velocity value of v bc = 2σ v bc , where σ v bc is the rms value of the stream velocity (i.e., the relative velocity between the gas and the dark matter component), while the other, which we use for comparison, has no such stream velocity. Both runs include radiative cooling (see Chiou et al. 2019) . The cooling module in arepo is based on a self-consistent primordial chemistry and cooling network, which includes the evolution of species H, H + , He, He + , He ++ and e − in equilibrium with a photoionizing background that is spatially constant but redshift dependent. The gas cooling and heating rates are calculated as a function of redshift, gas density, temperature and (for the metal line part) metallicity 1 See Vogelsberger et al. (2013, and references therein) for further details on the numerical implementation of these processes. The simulations do not include explicit star formation or feedback.
We note that our simulations do not include H 2 cooling. Molecular cooling was shown to be important for early star formation (e.g. Hartwig et al. 2015; Glover & Jappsen 2007; Schauer et al. 2017 Schauer et al. , 2018 . Nonetheless, the densities in our simulations (as we show below) reach the necessary high densities and low temperatures to trigger star formation. Thus, inclusion of molecular cooling in followup simulations will yield even higher densities, further facilitating star formation.
The initial conditions adopted different transfer functions for the DM and baryon components as described in Naoz & Barkana (2005) ; Naoz et al. (2009 Naoz et al. ( , 2011 Naoz et al. ( , 2013 Naoz et al. ( , 2012 . The runs were performed from a redshift of z = 200 to z = 20. The stream velocity is implemented as a uniform boost for the gas in the x-direction. The choice of v bc = 2σ v bc allows us to gain a larger effect, however the same physical picture is applicable for v bc = 1σ v bc , (as noted by Naoz & Narayan 2014). Furthermore, we gain more statistical power by adopting σ 8 = 1.7 (e.g., Popa et al. 2016; Chiou et al. 2018 Chiou et al. , 2019 .
We follow the structure definitions suggested in Chiou et al. (2018) . In particular, DM-Primary/GasSecondary (DM/G) objects are spherical overdensity DM halos that also contain gas. The Gas-Primary objects are gas objects obtained through running a Friends-of-Friends (FOF) algorithm on only the gas component and subsequently fitted to a tight ellipsoid. Both DM/G and Gas-Primary objects are identified by using the FOF algorithm with a linking length of 0.2 times the mean particle separation. Finally, the SIGOs are Gas-Primary objects that are outside the virial radius of the closest DM halo and also have gas fractions greater than 40%. These objects have little to no DM component. The advantage of our small simulation box allows us to resolve SIGOs, however, it prevents us from following the detailed evolution of SIGOs to smaller redshift. Thus, in order to investigate the evolution of SIGOs for z < 20 we employ semi-analytical modeling. Throughout the paper we assume a ΛCDM cosmology with Ω Λ = 0.73, Ω m = 0.27, Ω B = 0.044, σ 8 = 1.7, and h = 0.71. All the quantities that we analyze in this paper are expressed in physical units.
We estimate the plausibility that a dense gas clump (either a SIGO or within a DM/G) may form stars. Primordial star formation may be the most suitable epoch during the evolution of the Universe for the application of the Jeans criterion since the level of turbulence and strength of the magnetic field are expected to be significantly lower (Bromm et al. 1999 . The Jeans criterion (Jeans 1902 ) and the related Bonnor-Ebert mass describes the balance between gravity and thermal pressure and is given by:
where c s is the isothermal sound speed in the region, G is the gravitational constant, ρ is the density of the gas, and λ J the Jeans length. The mass in Equation (1) is the largest mass that an isothermal gas sphere embedded in a pressurized medium can have while still remaining in hydrostatic equilibrium (Ebert 1955; Bonnor 1956 ). This depends on the Jeans length, defined as follows:
The Jeans length is therefore the critical radius of a cloud where thermal energy is counteracted by gravity.
Since we deal with a supersonic medium the other length scale of interest for defining a critical density for star formation is the sonic scale 2 :
λ s is defined as the length scale such that σ l = c s , M is the mach number on the driving scale, L drive , of the turbulence, and σ l is the one-dimensional velocity dispersion computed over a sphere of diameter l within a turbulent medium. The sonic scale physically represents the scale at which turbulence in the gas transitions from supersonic to subsonic. As discussed in Krumholz & McKee (2005) , if λ J ≤ λ s , gravity is approximately balanced by thermal plus turbulent pressure, and the object is at best marginally stable against collapse. Here we assume that the magnetic field is dynamically unimportant relative to turbulence and gravity. If λ J λ s , turbulent/thermal kinetic energy greatly exceeds gravitational potential energy and the object is stable against collapse. Since λ J is a function of the local density, the condition λ J ≤ λ s for collapse translates into a minimum local density required The highest density ratio here is ∼ 40, corresponding to dark blue color. Note the filamentary nature with multiple high, smaller scale density peaks. The SIGO is embedded at the center of the region with a scale of (Rmin, Rmax) of (.01, .03) kpc and (.08, .14) kpc for the left and right panels, respectively.
for collapse (in the absence of magnetic fields). Equating the two length scales yields a critical density
which can be rewritten in terms of the virial parameter, and assuming that the driving scale of the turbulence is the characteristic diameter of the cloud, i.e., L drive = L cloud , as,
where
, the ratio of turbulent to gravitational energy. We note that these equations are only meaningful in the presence of a supersonic flow, as in our case.
In this simple stability picture, once the critical density is reached, the gas becomes unstable to gravitational collapse. Burkhart & Mocz (2018) related the critical density to a transition density between a piecewise lognormal and power law of the density distribution. A power-law density PDF is the 1-point statistic's signature of gravitational collapse, regardless of the gas metallicity. A turbulent medium will have an initially lognormal density distribution, but once gravitational collapse sets in, the distribution can be described by a power law (Girichidis et al. 2014; Burkhart et al. 2017; Guszejnov et al. 2018) . Thus, the transition density as a critical density for collapse is a natural consequence of the density distribution function. Below, we adopt this critical density threshold as a star formation indicator.
We apply the above star formation criterion to the objects found in the simulation. In Figure 1 , we show the density of representative star forming SIGOs normalized to their critical density for star formation. To compute the critical density we need an estimate of the turbulence sonic scale, which is given by L cloud /M 2 (e.g., Burkhart 2018). Since SIGOs are ellipsoidal (e.g., Chiou et al. 2018) , we assume L cloud ∼ 2R max , because this is the maximum scale at which turbulence can be generated. We calculate the critical densities for each object type (i.e., DM/Gs and SIGOs) in our simulations following Equation (4). Considering first the DM/G objects we find that at z = 20, 19% (85%) of them have densities and temperatures that yield favorable conditions for star formation for the 2σ v bc (v bc = 0) run. This difference between the stream velocity and no stream velocity case is expected since the stream velocity effect reduces the gas fraction of DM halos (e.g., Tseliakhovich et al. 2011; Naoz et al. 2012) . In Figure 2 we show the temperatures and densities for the DM/G objects in the presence of stream velocity. As expected DM halos that host larger gas fractions are more likely to form stars, according to the ρ crit criterion. Note that gas in the DM/G objects is expected to fragment into cooler clumps that will serve as star formation sites (e.g., Bromm et al. 1999; Greif et al. 2011) .
Significantly, 88% of SIGOs may form stars for the 2σ v bc run (there are ipso facto no SIGOs in the v bc = 0 run). As depicted in Figure 2 , SIGOs have densities that are much higher than ρ crit and are overall cool. In other words, the majority of SIGOs have supercritical densities and are thus ripe sites for star formation.
Note that since SIGOs are only marginally bound (Chiou et al. 2018) , supernova feedback may disrupt the rest of the gas in them, thus suppressing further star formation. Indeed GCs tend to have multiple generations of stars, possibly from multiple star burst epochs. Subsequent star bursts may form during pericenter passage as a SIGO orbits the closest DM halo, if gas survived the supernova feedback or was able to accrete from the medium 3 . Here we focus on the first star formation episode and hence adopt a star burst formation model.
SIGO AND DM/G LUMINOSITY
For the SIGOs and DM/G, with pristine gas, we follow Schaerer (2003) and consider a star burst model with no metallicity at redshift z = 20 (his model "A"). This includes Lyman-α lines and the H ionizing photon flux, Figure 3 . Luminosity as a function of mass for the v bc = 2σv bc run at z = 20. The color code depicts the gas fraction in the object. The horizontal line represents a characteristic mass scale of present-day, local, globular clusters (e.g., Kimmig et al. 2015) .
Q(H). The luminosity is given by
where Q i is the ionizing photon flux 4 , c l is the line emission coefficient for Case B, and f esc is the photon escape fraction. We assume a photon escape fraction of f esc = 0.5 and that 10% of the gas mass of a SIGO or a classical object (DM/G) will be converted into stars.
With these relations at hand we estimate the luminosity-mass (Figure 3 ) and luminosity-radius (Figure 4) relation for the different objects. As it can be clearly seen in these Figures, the SIGOs and DM/G occupy different parts of the parameter space. Moreover, as shown in Figure 3 , SIGOs cover the GC mass range.
As expected, and noted previously in the literature (e.g., Stacy et al. 2011; Greif et al. 2011) , the stream velocity suppresses the abundance of DM/G objects and in particular the star-forming ones. In Figure 4 , we display the results of the runs with and without stream velocity. The left panel corresponds to the no stream velocity case. Here, there are no SIGOs present and there is a fairly tight relation. With stream velocity, on the right panel, there are less DM/Gs and there is more scatter in the distribution.
Considering the SIGOs, they occupy a dimmer and more compact part of the parameter space. Since in general star formation would occur in high density peaks that are much smaller than the size of the SIGO, we consider the characteristic scale to be the smallest ellipsoid axis 5 (whereas the characteristic scale for the DM/G is simply the virial radius). Indeed, it has been argued that GCs might form as the nuclei of a dwarf galaxy that dissolved (e.g., Searle & Zinn 1978) . Since luminosity is calculated based on the total gas mass of the object and SIGOs tend to be not be very massive, there is a separation in luminosity-mass space. As for luminosityradius space, the prolate nature of SIGOs gives them a distribution of sizes and they tend to be less luminous in general than the DM/G.
The mass and characteristic scale of the SIGOs seems to be consistent with Little Blue Dots (Elmegreen & Elmegreen 2017 ) and the star forming dwarf detected recently by Vanzella et al. (2019) . The aforementioned observed objects have been suggested to be GCs progenitors, their similarity to SIGOs is uncanny and may suggest a strong link between high redshift, star-forming SIGOs and GCs progenitors. Future HST and JWST observations may yield stronger evidence.
DISCUSSION
The supersonically induced gas objects (SIGOs) are expected to exists in patches of the Universe with nonnegligible stream velocity (Naoz & Narayan 2014; Popa et al. 2016; Chiou et al. 2018) . We showed that these gas-rich objects, with little to no DM components, have high enough densities that can give rise to star formation. Thus, the early Universe is predicted to have two classes of star forming objects, the classical ones, i.e., high gas densities within DM halos (DM/G), as well as SIGOs.
We estimated the luminosity expected from star formation in these objects (both SIGOs and the classical objects). Due to the formation nature of SIGOs, they occupy different parts of the parameter space than the classical DM halos with gas. The SIGOs are dimmer than the classical objects at the same redshift. Note that, while the simulation snapshot here is associated at z = 20, we expect these objects to continue to form 6 and exist (at least before reionization), based on the agreement between the analytical calculations (Naoz & Narayan 2014 ) and our simulations (Popa et al. 2016; Chiou et al. 2018 Chiou et al. , 2019 .. Thus, future JWST observations may be able to disentangle star forming SIGOs from classical objects.
Moreover, we note that the recently observed Little Blue Dots (Elmegreen & Elmegreen 2017) , which are suggested to be star-forming progenitors of globular clusters, are consistent with with the mass and radius of SIGOs in the simulation. The star-forming dwarf found by Vanzella et al. (2019) has also a similar mass and size to our largest SIGOs. There may also be a connection between SIGOs and Giant HII Regions and HII Galaxies (Terlevich et al. 2018) . Furthermore, we note that SIGOs that formed little to no stars may be connected to the starless dark HI objects predicted by Burkhart & Loeb (2016) . Interestingly, the recent discoveries of two galaxies with little to no dark matter Danieli et al. 2019) , share a striking resemblance to SIGOs. While the size estimation of these low redshift galaxies is somewhat larger (few kpc) than the SIGOs (1 − 100 pc), we speculate that these objects may be a result, in the local Universe, of a collections or mergers of SIGOs. Moreover, the 10 GCs identified around one of these galaxies , are consistent with multiple high densities peaks we have found within our high redshift simulated SIGOs.
The separation of SIGOs and DM/G in the luminosityradius parameter space (e.g., Figure 3 ) highly resembles the magnitude-radius separation parameter space of present-day, local, globular clusters and sub-groups separation (e.g., McConnachie 2012, see their figure 6 ). Thus, we may speculate on how SIGOs and DM/G objects will be observed today. Assuming a burst-like star formation before reionization (z = 10), we adopt an initial mass function (IMF) for the objects. In particular, we adopt a top-heavy IMF for the SIGOs 7 following Decressin et al. (2007) , and a Salpeter IMF for the DM/G. We then calculate the fraction of spectral types of stars that evolve along the main sequence. The majority of the stars that survive to present-day then will be G and K type stars, as well as red giants. Given this population, we subtract their various bolometric corrections. We can then roughly estimate each object's visual bolometric magnitude. We also estimate that the observed stellar cluster that formed within the SIGOs corresponding to the highest density peak which is, typically smaller than R max . Thus, we adopt the R min for the observed value. Our order of magnitude estimations are presented in Figure 5 . We also over-plot the region of the parameter space that is associated with globular clusters (red box) and Andromeda and the Milky Way sub groups (blue area) (McConnachie 2012) . Heuristically, the SIGOs are consistent with the absolute visual magnitudes of present-day, local, globular clusters. Although the SIGOS in this simulation only contain primordial gas, we speculate that some self-enrichment or second population formation mechanism (such as pericenter passage of orbits about the nearest DM halo may contribute to the nonzero metallicity in metal-poor GC). Further simulations including explicitly star formation (and the associated metal enrichment) are needed to address this. Nevertheless, the agreement between our rough estimates and the observations is very encouraging.
Finally, these results suggest that if this is the dominant formation mechanism of globular clusters, varying patches (on the order of few tens of Mpcs) in the Universe associated with different coherent v bc values, will have significantly distinct abundances of globular clusters 8 . Indeed, about 39% of the Universe contains patches of stream velocity with v bc ≥ 1σ v bc (Tseliakhovich et al. 2011) . Thus, detailed HST and future JWST observations may allow to disentangle between different formation channels of globular clusters.
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